Journal of Clinical Monitoring and Computing (2021) 35:183-188
https://doi.org/10.1007/510877-020-00459-1

ORIGINAL RESEARCH q

Check for
updates

A brief airway occlusion is sufficient to measure the patient’s
inspiratory effort/electrical activity of the diaphragm index (PEI)

Andrea Coppadoro’® - Roberto Rona'® - Giacomo Bellani’?® . Giuseppe Foti'2

Received: 30 August 2019 / Accepted: 4 January 2020 / Published online: 9 January 2020
© Springer Nature B.V. 2020

Abstract

Pressure generated by patient’s inspiratory muscles (Pmus) during assisted mechanical ventilation is of significant relevance.
However, Pmus is not commonly measured since an esophageal balloon catheter is required. We have previously shown that
Pmus can be estimated by measuring the electrical activity of the diaphragm (EAdi) through the Pmus/EAdi index (PEI).
We investigated whether PEI could be reliably measured by a brief end-expiratory occlusion maneuver to propose an auto-
mated PEI measurement performed by the ventilator. Pmus, EAdi, airway pressure (Paw), and flow waveforms of 12 criti-
cally ill patients undergoing assisted mechanical ventilation were recorded. Repeated end-expiratory occlusion maneuvers
were performed. PEI was measured at 100 ms (PEI ;) and 200 ms (PEI ,) from the start of the occlusion and compared
to the PEI measured at the maximum Paw deflection (PEI ., reference). PEI,; and PEI], tightly correlated with PEI__,
(p<0.001, R*=0.843 and 0.847). At a patient-level analysis, the highest percentage error was -64% and 50% for PEI, , and
PEI,, ,, respectively, suggesting that PEI , might be a more reliable measurement. After correcting the error bias, the PEI, ,
percentage error was lower than +30% in all but one subjects (range — 39 to +29%). It is possible to calculate PEI over a
brief airway occlusion of 200 ms at inspiratory onset without the need for a full patient’s inspiratory effort. Automated and
repeated brief airway occlusions performed by the ventilator can provide a real time measurement of PEI; combining the
automatically measured PEI with the EAdi trace could be used to continuously display the Pmus waveform at the bedside
without the need of an esophageal balloon catheter.

Keywords Pressure generated by inspiratory muscles over electrical activity of the diaphragm index - Patient spontaneous
breathing effort - Diaphragm neuromuscular efficiency - Patient inspiratory effort

1 Introduction

Assisted mechanical ventilation is commonly used for the
Electronic supplementary material The online version of this treatment of critically ill patients, particularly when the
article (https://doi.org/10.1007/s10877-020-00459-1) contains acute phase is resolving and the patient needs to be weaned
supplementary material, which is available to authorized users. from the ventilator [1]. During assisted ventilation, patient’s

inspiratory activity is partly reduced by the pressure gen-
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although other methods such as the analysis of the respira-
tory equation of motion are feasible [5, 6]. The measurement
of the electrical activity of the diaphragm (EAdi) is available
at the bedside through a specifically designed nasogastric
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catheter, allowing the physician to continuously monitor the
patient’s main inspiratory muscle; however, no normal EAdi
values are available due to the extreme variability among
patients [7, 8].

We have previously demonstrated that it is possible to
estimate the patient’s inspiratory effort (Pmus) during
assisted ventilation without the need of an esophageal bal-
loon catheter by measuring the Pmus/EAdi index (PEI), also
known as neuromuscular efficiency index, and using the
PEI to convert the EAdi waveform into an estimate of Pmus
(Pmus ~ PEI*EAdi) [9]. To measure PEI, a full inspira-
tory effort should occur during an end-expiratory occlusion
maneuver lasting few seconds. In this condition, airway
pressure deflections are due to Pmus and match esophageal
pressure variations; therefore, the deflection measured on the
airway pressure signal can be used to calculate PEI [10]. The
PEI measured during occlusion is highly correlated with the
PEI during assisted ventilation and could be used to convert
the EAdi signal into a continuous Pmus signal [9]. We also
showed that there is a high variability among patients, but
in the same patient, the PEI is quite constant over intensive
care unit stay [11].

In the present study, we hypothesize that it is possible to
calculate PEI over a brief airway occlusion (100-200 ms)
without the need for a full patient’s inspiratory effort. Per-
forming a brief airway occlusion is widely accepted by clini-
cians; it is repeatable with no risk of harm to the patient and
has been used for many years to measure PO.1, a marker of
inspiratory effort [12, 13].

2 Methods
2.1 Patients

A cohort of 12 acute respiratory failure adult patients
admitted to our intensive care unit who were intubated and
undergoing assisted mechanical ventilation with PEEP > 5
cmH,O were included. Exclusion criteria were FiO, > 60%,
use of vasopressors, known chronic obstructive pulmonary
disease, and Richmond agitation and sedation score > — 1.
The patients were recruited for a previously published
study, designed to investigate the PEI in patients undergo-
ing assisted mechanical ventilation; detailed description of
the population is available in the Sect. 2 of the previously
published article [9].

2.2 Data acquisition
Briefly, the EAdi signal was measured by an esophageal
NAVA catheter (Edi catheter, Getinge, Sweden). An esoph-

ageal balloon catheter was used to record the esophageal
pressure trace depicted in Fig. 1; esophageal pressure was
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Fig. 1 During an airway occlusion, patient’s inspiratory effort is
equally reflected by airway pressure (Paw) deflections and esophageal
pressure (Pes) variations; see Sect. 1 for further details. The thin con-
tinuous line is set at the beginning of the exemplary inspiratory effort
(ty, see Sect. 2 section in the text for details) based on the airway
pressure waveform. PEI,; and PEI,, were calculated as the ratio of
the airway pressure deflection and electrical activity of the diaphragm
(EAdi) increment at 100 and 200 ms from t,, respectively (dotted
lines). The reference PEI value (PEI . in the text) was calculated at
the maximum airway deflection point (dashed line)

not considered in this study elsewhere. Airway pressure,
flow, and EAdi, waveforms were recorded on a PC-based
acquisition system by a dedicated software with an acquisi-
tion rate of 20 Hz (LabChart 7.0, ADInstruments, UK). The
signals were directly imported from the ventilator; therefore,
no additional synchronization was required after acquisition.
Several end-expiratory occlusion maneuvers were performed
during patients’ inspiratory efforts as follows: during expi-
ration, the “expiratory hold” button was pressed and kept
pressed until the patients completed an entire inspiratory
effort, seen on the airway waveform as a negative deflection
and a return towards the set peep value.

2.3 Data analysis

We analyzed the recorded traces offline by the aforemen-
tioned waveform analysis software. We identified the
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end-expiratory occlusions by the zero-flow waveform and
placed the t, marker just before the beginning of the Paw
deflection. More precisely, we identified the physiological
variability of the Paw waveform during expiration in the
1-s period before the occlusion (e.g., 10.75-10.96 cmH,0,
minimum value 10.75 cmH,0); the t, marker was placed
in proximity of the zero-flow point when the Paw wave-
form reached a value inferior of 0.1 cmH,0O compared to
the recorded minimum (e.g. t, at 10.65 cmH,0). We then
identified the t; ; and t,, timepoints at 100 and 200 ms after
ty (Fig. 1). The last identified timepoint was at the maximum
airway negative deflection during the end-expiratory airway
occlusion maneuver and served for the calculation of the ref-
erence PEI (PEI, ). On the same end-expiratory occlusion
waveforms, PEI, | and PEI,, , were calculated as the absolute
value of the ratio between the deflection of the Paw (APaw)
and the increase of EAdi (AEAdi) waveforms at t, ; and t, ,
as compared to t;.

Paw, ;| — Paw,
EAdi,, — EAdi,

Paw, — Paw,

PEl,, = = |02 7 7o
0l 02 ’EAdio_z—EAdio

Due to the aforementioned method to calculate the PEI
ratio, a deflection of the airway pressure signal was always
present at t, ; and t;,. We did not control for variations of
the EAdi signal. Since the diaphragm is the major inspira-
tory muscle, during an airway occlusion APaw and AEAdi
usually occur simultaneously. However, in some cases such
as the of activation of accessory inspiratory muscles or fil-
tering of the electrocardiogram signal occurring during the
first 100 or 200 ms, the increase of the EAdi signal might be
delayed, resulting in abnormally high PEI values. Therefore,
the definition of a AEAdi minimum cutoff value was manda-
tory to properly calculate PEI. We analyzed the variance of
PEI values of the entire study population obtained at 100 and
200 ms by 0.05-uV intervals of AEAdi. Variance markedly
increased for AEAdi lower than 0.3 uV, suggesting that the
very small denominator (AEAdi) led to spurious increase
of PEI (Figure S1, Electronic supplementary material 1).
Thus, a minimum AEAdi of 0.3 pV was required to include
the end-expiratory occlusion data in the analysis.

2.4 Statistical analysis

Due to the intrinsic variability of spontaneous breathing,
the presence of intrasubject variability of measured PEI val-
ues is expected. Therefore, we opted for the analysis of the
median PEI values at the three timepoints (PEI ., PEI
and PEI,,). Statistical analysis was performed using SPSS
17.0 (SPSS Inc). Data are reported as means + standard
deviation (SD) unless otherwise specified. Correlations were
assessed by means of linear regression. Agreement between
PEI, ; or PEI,, and PEI __, was tested by calculation of the

systemic error (bias) and the 95% limits of agreement as
bias +2 SD, as reported by Bland and Altman; percentage
error was defined as PEI,, — PEI . /[(PEl, + PEI _)/2]
[14]. A p-value of <0.05 was considered statistically sig-
nificant. Artworks were created with SigmaPlot 11.0 (Systat
Software, San Jose, CA, USA).

3 Results

We analyzed a total of 443 end-expiratory occlusions from
the 12 patients enrolled, ranging from 31 to 53 occlusions
per patient. Three-hundred and fourteen (314) maneuvers
(71%) were considered suitable for PEI calculation, while
the others were not included due to insufficient AEAdi
(<0.3 uV). Patients’ data and the number of included end-
expiratory occlusions are reported in Table 1. In one patient
among the 12 enrolled, adequate AEAdi was present only
in one occlusion, while the other 37 occlusions could not be
included in the analysis (AEAdi < 0.3 uV). However, PEI, |
and PEI , measured for this patient were similar as com-
pared to PEI _; (respectively 5.6 and 4.3 vs. 4.9 uV/cmH,O;
corresponding to a percentage error of + 12% and — 14%).

Considering the entire population, both the median
PEI, | and PEI, tightly correlated with the median PEI
(p<0.001, R?=0.843 and 0.847, respectively, Fig. 2). How-
ever, at a patient-level analysis, the highest percentage error
was —64% and 50% for PEI, | and PEI,, ,, respectively, sug-
gesting that PEI,, , might be a more reliable measurement.
PE],, , was fairly related to the measured PEI_, as shown by
the Bland—Altman plot (bias=0.22, upper limit=1.27, lower
limit=—0.82 cmH,O/uV, Fig. 3). The agreement between
the two PEI measurements tended to be reduced at high PEI
levels; the percentage error was instead more homogene-
ously spread between patients (Fig. 4).

4 Discussion

In the present study, we show that PEI median values meas-
ured at the beginning of an end-expiratory airway occlu-
sion are similar to PEI values obtained after a prolonged
end-expiratory occlusion. Therefore, a short end-expiratory
occlusion maneuver could be used to estimate pressure gen-
erated by patient’s inspiratory muscles during ventilation by
EAdi monitoring.

The PEI median value was calculated on approximately
70% of the analyzed occlusions, while the other 30%
were discarded due to insufficient AEAdi (<0.3 uV). As
expected by definition of the timepoints, a minimum APaw
was always present, but the corresponding AEAdi was not
always relevant. The phenomenon of Paw deflection with-
out relevant increase of EAdi might be due both to EAdi
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Table 1 Individual. dat‘a for the Patient ID Age, years Diagnosis PaO,/FiO, Cpl, mL/ Analyzed Included
included study patients c¢cmH,0 occlusions occlusions
(%)
1 78 Septic shock 363 54 44 40 (91)
2 74 ARDS 255 36 33 28 (85)
3 74 Post-surgical 233 45 31 29 (94)
4 43 ARDS 198 30 32 12 (38)
5 43 ARDS 241 52 32 23 (72)
6 78 Pneumonia 126 55 38 1(3)
7 76 Septic shock 344 34 34 3397)
8 54 Septic shock 185 30 35 33 (94)
9 83 Septic shock 273 43 53 29 (55)
10 58 Septic shock 240 40 36 24 (67)
11 70 Cardiac arrest 189 40 38 30 (79)
12 77 Pneumonia 163 65 32 32 (100)
Average 67 232 44 37 26
SD 14 69 11 6 10
a b ,
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Fig.2 The median Pmus/EAdi index measured in the first 100 ms of (PEI,.;; p<0.001, R*=0.843, panel a). Panel b shows the correla-

an end-expiratory airway occlusion maneuver (PEI, ), is correlated
with the same index measured at the maximum airway deflection

signal processing and physiological reasons. The EAdi sig-
nal is automatically processed for ECG artifacts elimination,
which may lead to a brief flattening of the EAdi waveform
possibly masking an increase of EAdi in the first millisec-
onds of inspiratory efforts. Furthermore, the EAdi signal
records the activity of the diaphragm, which is not the only
inspiratory muscle; in theory, if the patients would inspire
using only the accessory muscles, the EAdi signal would be
flat. Another physiological reason could be the recruitment
of different muscle groups, as we noticed in the patient who
showed an intense use of the abdominal expiratory muscles
at the clinical examination, resulting in the passive inflation
of the respiratory system during the initial phase of the inspi-
ration. Thus, in that specific condition, APaw during the first
100-200 ms depended on the relaxation of the expiratory

@ Springer

tion between PEI measured at 200 ms (PEI, ,) and PEI ., (p<0.001,
R*=0.847)

muscles rather than the activation of the diaphragm, result-
ing in insufficient AEAdi for adequate PEI calculation [15].
However, PEI measurement was accurate when AEAdi was
higher than the proposed cutoff.

A previous report showed a high within-patient variabil-
ity of the neuromuscular efficiency index, an index similar to
the PEI, over repeated measures [16]. Thus, we focused on
the median value, rather than the mean value, of the meas-
urements collected in every patient to estimate the PEI dur-
ing brief occlusions. Obtaining brief occlusions is feasible
and safe for the patients: if the patient is ventilated with a
pressure-based trigger, a brief occlusion with sufficient drop
of the airway pressure is present at the beginning of every
breath and is necessary to trigger the ventilator. Moreo-
ver, repeated brief occlusion is a widely used maneuver to
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Fig.3 Bland—Altman plot for the PEI measured at 200 ms (PEI,,,)
and the PEI measured at the maximum airway deflection (PEI_ ).
Estimated error tended to increase for high PEI values
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Fig.4 Percentage error Bland—Altman plot for the PEI measured at
200 ms (PEI,,) and the PEI measured at the maximum airway deflec-
tion (PEI,

occl)

measure P0.1, an index used for many years with no reports
of any associated harms.

In our study, the PEI measured at 100 ms (PEI )
was less reliable, but the measurement of PEI at 200 ms
(PEI ,) showed a fair agreement with PEI _, the index we
previously showed can be reliably used to transform the
EAdi signal into a Pmus waveform. PE] , tended to over-
estimate PEI ., therefore we suggest to implement a cor-
recting factor to improve agreement: since a 20% overesti-
mation bias was present, we propose that PEI , should be
corrected for a fixed factor (PEloccl = PEI ,/1.2) for better
PEI . estimation. Such correction led to a PEI, , percent-
age error lower than +30% in all but one subject (range
—39 to +29%). The phenomenon of PEI overestimation

for measurement performed early during an occlusion
occurs also during non-occluded breathing, as previously
described [9]. A PEI . estimation error of approximately
35% could be considered acceptable: translated into prac-
tice, the Pmus estimation error for a patient with PEI=1
and EAdi peak =5 pV would be lower than 2 cmH,0.

PEI, ., requires a manual prolonged end-expiratory
occlusion to be measured, a maneuver considered safe
but that generates patient’s discomfort and thus cannot
be repeated often. Instead, PEI , measurement could be
embedded into the ventilator software, resulting in auto-
mated repeated measures providing a reliable value with
no discomfort for the patient. For example, if the maneu-
ver was automatically performed every two minutes, PEI
could be robustly calculated over the last hour. Then, an
estimation of the Pmus trace could be continuously dis-
played without the need of an esophageal balloon, possibly
helping the clinician to modulate patient’s effort, maintain-
ing a low level of effort in the acute phase to prevent alveo-
lar overdistension and a higher level during the weaning
phase to prevent diaphragm atrophy. The measurement of
PEI by an occlusion longer than 200 ms might increase the
agreement with PEI . ;; however, the measurement might
not be repeatable many times without causing patient’s
discomfort.

Pmus estimation could not be accurate in some patients,
such as severe COPD patients who were excluded from
our study to limit confounding factors. Patients affected by
COPD usually present considerable levels of auto-peep; the
presence of auto-peep is associated with a relevant AEadi,
which is not immediately reflected in a detectable APaw
[17]. It is unknown whether PEI could be reliably meas-
ured by a short occlusion maneuver in patients affected by
auto-peep.

5 Conclusions

The present study demonstrates that it is possible to calculate
PEI over a brief airway occlusion of 200 ms at inspiratory
onset without the need for a full patient’s inspiratory effort.
Automated and repeated brief airway occlusions performed
by the ventilator could provide a real time measurement of
PEI with little to no discomfort for the patient. PEI measured
at 200 ms could be used in place of PEI measured during a
full inspiratory effort to obtain a continuous display of pres-
sure generated by patient’s inspiratory muscles, estimated by
EAdi monitoring without the need of an esophageal balloon
catheter.
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